Helicobacter pylori (H. pylori) infection remains a cause of significant morbidity and mortality worldwide. Comprehensive understanding of the pathogenic mechanism of H. pylori and its interaction with host will contribute to developing novel prophylactical and therapeutical strategies. Here, we first determined microRNA (miRNA) levels in H. pylori-infected patients with gastritis, duodenal ulcer, gastric cancer or mucosa-associated lymphoid tissue lymphoma using miRNA data sets. Thirty-four differentially expressed miRNAs were identified and functional enrichment analysis of those miRNA target genes revealed that H. pylori infection were strongly associated with pathway in cancer and regulation of mRNA synthesis. Using disease connectivity analysis of 28 hub genes, we found that H. pylori may increase the risk of many extragastric diseases (e.g. cardiovascular disease, hemic and lymphatic diseases and nervous system disease). Altogether, our integrated analysis provided a new method to predict pathogen-human disease connectivity based on miRNA-mRNA interaction network and indicated anti-H. pylori therapy as an effective means of human diseases prevention.
Introduction
Helicobacter pylori (H. pylori) is a Gram-negative pathogenic bacterium that can selectively colonize the stomach epithelium for the life of the host without effective eradication. Long-term carriage of H. pylori significantly increases the risk of developing gastritis, duodenal ulcer, gastric adenocarcinoma and mucosaassociated lymphoid tissue (MALT) lymphoma [1] [2] [3] [4] . Although several studies have linked H. pylori infection to cardiovascular diseases, neurodegenerative disorders and diabetes mellitus, the association between H. pylori and extragastric diseases remains a matter of debate [5] [6] [7] .
Despite important progress made in the management, the global emergence of H. pylori antibiotic resistance raises concerns about the efficacy of antibiotic therapy and requires development of new therapeutic strategies [8] . Developing an effective, safe and immunogenic vaccine against H pylori might be a smart strategy. Research on H. pylori vaccine for human use has been ongoing over the past 30 years. To date, the results of V C The Author(s) 2018. Published by Oxford University Press. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/ licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com all the clinical vaccine trials are disappointing, except for a recent study of a three-dose oral recombinant H pylori vaccine in children [9, 10] . However, there is still a long way to go for this vaccine before being put in the market. Hence, understanding of the molecular pathogenic mechanism of H. pylori and its interaction with host is of crucial significance to the development of novel therapeutic strategies.
Many human diseases are the result of transcriptional misregulation [11] . Previous studies have shown that microRNAs (miRNAs) play regulatory roles in many physiological and pathological processes through downregulating target genes [12] . Various current studies showed the involvement of specific strains of bacteria in different diseases, including prostate cancer, lung cancer and colon cancer using computational approaches [13] [14] [15] [16] . Thus, the identified signature miRNAs associated with H. pylori infection will provide novel insights into its carcinogenesis and host mechanisms that are involved in bacterial elimination. Public repository for high-throughput gene expression data, such as the Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo) project, provides us diverse molecular data and clinical information of many diseases [17] . However, the predictive utility of these data for H. pylori infection analysis has not been systematically explored. In the present study, we aimed at identifying differentially expressed miRNAs associated with H. pylori infection from GEO data sets and investigated the interactions between H. pylori and host, and the possible damage caused by H. pylori infection.
Materials and methods miRNAs expression data sets
The miRNA expression data sets used in this study were obtained from the GEO data sets, including GSE19769, GSE32174, GSE54397 and GSE23877 [18] [19] [20] [21] . The data sets consisted of 31 H. pylori-negative samples and 41 H. pylori-positive samples covering gastritis, duodenal ulcer, gastric cancer and MALT lymphoma caused by H. pylori infection. The information of GEO data sets and patients used in this study was summarized in Table 1 .
Screening for differentially expressed miRNAs
All collected expressed data were analyzed with GEO2R. The adjust P values were used to reduce the false-positive rate using Benjamini and Hochberg (false discovery rate) method by default. The adjusted P value < 0.05 and jlogFCj > 1 were set as the cutoff criterion. Hierarchical clustering of differentially expressed miRNAs was carried out and visualized using MeV v4.8.1 [22] .
Construction of miRNA-mRNA integrated network
Target genes for differentially expressed miRNAs were retrieved from the miRTarBase [23] . miRNA-mRNA interaction network was generated using Cytoscape 3.4.0 [24] .
Protein-protein interaction networks and gene ontology enrichment analysis
The protein-protein interaction network was constructed using STRING 10.0 [25] . Confidence score 0.9 was set as the cutoff criterion. All of the networks were visualized and analyzed with Cytoscape 3.4.0. The degrees were calculated using Centiscape 2.2 [26] . Hub genes were identified by degree > 40 threshold. Metascape was used for the gene ontology (GO) enrichment analysis [27] .
Disease connectivity analysis
Diseases enriched with H. polyri infection-associated genes were identified using the Comparative Toxicogenomic Database (Bonferroni-corrected P value < 0.05) [28] .
Results

Identification of differentially expressed miRNAs associated with H. pylori infection
To identify aberrant miRNAs associated with H. pylori infection, we analyzed four public GEO data sets (GSE19769, GSE23877, GSE32174 and GSE54397). The derived data sets consisted of 31 H. pylori-negative samples and 41 H. pylori-positive samples from Asia and Europe ( Supplementary Table S1 ). Four common H. pylori infection-related diseases (gastritis, duodenal ulcer, gastric cancer and MALT lymphoma) were included in this study. In total, 45, 249, 8 and 54 differentially expressed miRNAs were identified from GSE19769, GSE23877, GSE32174 and GSE54397, respectively ( Figure 1A -D). As shown in the Venn diagram ( Figure 1E ), we filtered out 34 differentially expressed miRNAs that at least occurred in two data sets. The expression of these 34 miRNAs in the data sets was listed in Supplementary Table S2 . miRNAs with the smallest P values will be the most reliable. Among these 34 miRNAs, 3 miRNAs (hsa-let-7c, hsa-miR-204 and hsa-miR-551 b) were overlapped in three data sets. These 34 miRNAs were considerate to be H. pylori infection related miRNAs.
Targets prediction and miRNAs-targets interaction
As an miRNA exerts its biological regulatory function through all of its target genes at the posttranscriptional level, to understand the potential role of these 34 miRNAs in the pathogenesis of H. pylori, we obtained 765 highly reliable miRNA target genes from miRTarBase data set. These target genes are validated by at least one of strongly experimental methods (reporter assay, Western blot or quantitative real-time poymerase chain reaction). Six miRNAs (hsa-miR-551 b, hsa-miR-557, hsa-miR-571, hsa-miR-875-3p, hsa-miR-924 and hsa-miR-943) have no strong experimental evidences supported. We found that miR-155 regulates the most target genes (247 genes) in the miRNA-mRNA regulatory network ( Figure 2 ). Among these target genes, 25.9% genes have 2 or more miRNA predictive binding sites, especially BCL2 can be targeted by up to 9 of the 34 miRNAs, and 32 genes have 5 or more predictive miRNA binding sites Duodenal ulcer is known as peptic ulcer. Peptic ulcer disease is a break in the lining of the stomach, first part of the small intestine or occasionally the lower esophagus. GSE54397 (C; gastric cancer), GSE23877 (D; MALT lymphoma). In total, 45 249 8 and 54 differentially expressed miRNAs were identified from GSE19769, GSE23877, GSE32174 and GSE54397, respectively. (E) Venn diagram of overlap of differentially expressed miRNAs. We filtered out 34 differentially expressed miRNAs that at least occurred in two datasets. Among these 34 miRNAs, hsa-let-7c, hsa-miR-204 and hsa-miR-551 b were overlapped in three data sets.
( Table 2 ). These 765 miRNA target genes may play important roles during H. pylori colonization and persistent infection.
Functional enrichment analysis of miRNA target genes
Next, we performed GO and KEGG pathway enrichment analysis using Metascape for 765 H. pylori infection-associated genes, and the most significantly enriched gene sets were pathways in cancer (hsa05200) and negative regulation of transcription from RNA polymerase II promoter (GO: 0000122) ( Figure 3A ). This analysis also revealed that H. pylori infection was largely related to cardiovascular system development (GO: 0072358), gland development (GO: 0048732), hematopoietic or lymphoid organ development (GO: 0048534), proteoglycans in cancer (hsa05205) and heart development (GO: 0007507). Interestingly, all these biological processes identified with a significant P value were closely interrelated except for response to oxygen levels (GO: 0070482) ( Figure 3B ). These results indicate that H. pylori infection could negatively regulate the synthesis of mRNA, many of which may influence the development of cancer and other human diseases. Figure 2 . Regulatory network between miRNA and their target genes. Target genes for differentially expressed miRNAs were retrieved from the miRTarBase. These target genes were validated by at least one of strongly experimental methods (reporter assay, Western blot or quantitative real-time polymerase chain reaction). We also linked these differentially expressed miRNAs to the diseases that were diagnosed in the patients. This network was generated using Cytoscape 3.4.0 and consisted of 4 H. pylori infection-related diseases, 28 miRNAs and 765 genes. Rectangle (yellow) represents diseases, ellipses (green) represents genes and triangle represents miRNAs. 
Disease connectivity analysis
To reduce interference of unrelated genes and the complexity of the list of H. pylori infection associated genes, 28 genes were identified as hub genes ( Figure 4A and Table 3 ). We found that these hub genes could interact with each other and are target of 21 of 28 H. pylori infection associated miRNAs ( Figure 4B ). Disease connectivity analysis of these 28 hub genes showed H. pylori infection significantly associated with cancer, digestive system disease, urogenital disease, cardiovascular disease, respiratory tract disease and immune system disease ( Figure 4C and Table 4 ). H. pylori infection is also strongly associated with blood disease, lymphatic disease, endocrine system disease, nervous system disease and skin disease ( Supplementary Table S3 ). Taken together, these results demonstrate that H. pylori colonizes the gastric epithelium, but beyond gastric diseases.
Discussion
This integrated study of 31 H. pylori-negative samples and 41 H. pylori-positive samples provides numerous novel insights into H. pylori infection associated diseases and delineates multiple potential opportunities for therapeutic intervention. Several of the differentially expressed miRNAs identified in this study, particularly hsa-let-7c, hsa-miR-204 and hsa-miR-551 b, are amenable in principle to diagnostic biomarkers and therapeutic targets. Previous studies demonstrated that downregulation of has-miR-204 promoted epithelial-mesenchymal transition in H. pylori-induced gastric cancer by targeting SOX4 [29] . Decreased hsa-let-7c significantly associated with the increasing severity of the histological lesions in H. pylori-related carcinogenesis, but the molecular mechanisms are still largely unclear [30] . So far, no evidence has shown that hsa-miR-551 b was clearly associated with H. pylori infection and may serve as a novel H. pylori infection-related miRNA biomarker in clinical use.
In this study, we also constructed miRNA-target mRNA network based on mirTarbase database. The result showed that miR-155, miR-203, miR-204 and miR-200 family (miR-200a, miR-200 b, miR-200c, miR-141 and miR-429) were central miRNAs. Eleven target genes (BCL2, MYC, ZEB2, MALAT1, HMGA2, CCND2, CDKN1A, VEGFA, PTEN and ZEB1) most connected with differentially expressed miRNAs in this network. The data here suggest that these miRNAs and target genes may also exert important biological functions in the progression of H. pylori infection. As expected, GO enrichment analysis of miRNA target genes showed that the most significantly enriched gene sets were pathways in cancer and negative regulation of transcription from RNA polymerase II promoter. We also identified a number of previously unappreciated biological processes and pathways closely related to H. pylori infection, such as hematopoietic or lymphoid organ development, heart development.
A total of 28 target genes were identified as hubs that occupy central positions in protein-protein interaction network. Several hubs have shown important regulatory functions during H. pylori infection. For example, H. pylori CagA promotes the expression of the proto-oncogenes c-JUN and regulates FasLdependent T-cell apoptosis [31, 32] . c-Myc acts as an important mediator of macrophage activation and contributes to the mucosal inflammatory response to H. pylori infection by its transactivation of the ornithine decarboxylase promoter [33] . However, we are still largely unknown about the functional role of these hub genes identified in this study, such as CTNNB1 and RHOA, providing a new direction in the future research.
Disease connectivity analysis of 28 hub genes predicted that 228 items of human diseases are related to H. pylori infection, including cancer, cardiovascular disease, digestive system disease, urogenital disease and immune system disease, many of which are overlapped with previous reports [34] [35] [36] [37] . H. pylori infection is also significantly associated with hemic and lymphatic diseases, respiratory tract disease, endocrine system disease, nervous system disease and skin disease. The possible mechanism includes molecular mimicry, epithelial injury and chronic inflammation [38] [39] [40] . However, evidence now supports the tenet that bacterial dysbiosis plays an important role in human disease [41] . H. pylori infection not only directly injures host cells but also changes the gastric environment and mucosal barrier, initiating the inflammatory cascades and altering the microbiota [42] . These findings demonstrate the importance of examining H. pylori infection in the treatment of other extragastric diseases.
Conclusions
Our current prediction work demonstrated a new method to predict pathogen-human disease connectivity based on miRNA-mRNA interaction network. Furthermore, this integrated network analysis revealed a profound impact of H. pylori infection on various human extra-gastric diseases. The curated omics data may also provide an important resource for future studies. 
